Bovine spongiform encephalopathy is a mortal bovine disease. Epidemiologic studies have linked the disease to animal feed contaminated with infected protein. In Argentina, the feeding of bovines with components of animal origin is banned, except for fishmeal and bone ash. Nowadays, optical microscopy is used to analyze animal feed and its components. In this method, technical analytical expertise is very important. This is why the development of a methodology that produces results which can be rapidly and automatically compared is urgently needed. The specific infrared microscopy method presented in this work delivers qualitative results in terms of the presence or absence of animal particles by applying specific decision rules. The object of this work was to assess the methodology of near infrared microscopy for the qualitative determination of the presence of particles of animal origin in matrices of bone ash. The spectra were collected by an image microscope coupled to a Fourier transform infrared spectrometer operating in the reflection mode. Four mappings were done per sample, obtaining 1000 spectra per mapping. They were selected from an area on the slide of 50 particles in the axis X and 20 particles in the axis Y. Spectra were automatically collected at these points. In order to find the fragments of animal origin in the samples, a specific software program was developed. The program analyzed the spectra and evaluated the presence of bone fragments. From the validation results, it could be inferred that 4000 spectra should be observed in order to achieve a detection limit of 0.05 g bone fragments 100 g À1 bone ash. Selectivity, intermediate precision and repeatability were also analyzed with satisfactory results. Therefore, the validated method can be easily applied in routine analysis of bone ashes.
Introduction
Bovine spongiform encephalopathy (BSE) is a progressive degenerative neurological disease of cattle. Epidemiological studies have associated BSE to the consumption of food contaminated with a type of infective protein known as a ''prion.'' Contaminated ruminant protein enters the feed chain mainly in the form of meat and bone meal (MBM) obtained in the rendering process. 1 Feedstuffs are composed of material derived from mineral, vegetal, and animal by-products. In Argentina, feeding cattle with proteins of animal origin has been banned since 1995. Nowadays, that prohibition is regulated by Resolution 594/2015, which allows the use of bone ash as a source of phosphate and calcium in feed for ruminants. 2 Argentina, an exporter of meat and meat products, is considered by the International Organization of Epizootics (OIE) to be free of BSE and it makes a great effort to maintain this status.
Bone meal was used in mineral supplementation programs, mainly in the Argentine coast, for many years and had to be replaced by alternative supplements of inorganic origin such as calcium and sodium phosphate or bone ash. Bone ash is the only product of animal origin allowed for the formulation of mineral supplements for livestock. It is obtained from animal bone tissue calcinations. When this process is satisfactorily performed, it should not contain organic matter. 3 Optical microscopy (OM) is the methodology used for the detection and identification of processed animal proteins in feedstuff. It is the official analysis of European Union and most Latin American countries and is used to differentiate between prohibited animal components (such as MBM and bovine plasma) and other authorized materials (such as milk, fishmeal, and bone ash). Its detection limit is below 0.1% (w/w) for constituents of animal origin in feed materials and compound feed (Regulation (EC) No. 152/2009). 4 Nevertheless, OM requires technical analytical expertise to perform and it cannot differentiate between groups of terrestrial animals. [5] [6] [7] Specifically, the identification of bone fragments that can be present in feed and their raw materials is based on the microscopic observation of histological and morphological characteristics.
Since the middle of the 20th century, infrared spectroscopy coupled to microscopy has been recognized as a nondestructive, highly sensitive, and specific analytical method with many potential useful applications in different fields.
Fourier transform infrared spectrometer (FTIR) spectrometers attached to microscopes (FTIR microscopy), measure infrared spectra from a tiny part of a sample. This combination has the dual advantages of clear chemical identification of the sample components by FTIR spectroscopy, and high lateral resolution as obtained by microscopy.
This technique follows the same principle as classical microscopy, but the visual evaluation is substituted by the measurement and interpretation of IR spectra from individual particles. 8 For one sample, several hundred spectra can be analyzed.
Compared with OM, the FTIR microscopy method does not require an experienced analyst to conduct the analyses. When using FTIR microscopy, the subjective judgment of the analyst is replaced by a particlespecific spectrum that can be identified by calibration equations or decision rules. 9 Each trough in an IR spectrum is caused because energy is being absorbed from that particular frequency of infrared radiation to excite bonds in the molecule to a higher state of vibration. The complex pattern of vibrational peaks contains potentially valuable chemical information and may be referred to as the molecular fingerprint of a sample. 10 Baeten et al. presented an alternative method for the detection of MBM in feedstuffs by near infrared microscopy (NIRM) analysis of the particles in the sediment fraction of compound feeds. 11 De la RozaDelgado et al. developed and validated a methodology for MBM detection in animal feed by near infrared (NIR) reflectance microscopy. 12 They used a spectral library as reference and discriminant analysis to classify spectra as MBM or plant material. Most recently, Ferna´ndez-Iban˜ez et al. proposed an alternative technology to detect and quantify banned ingredients in feedstuffs by NIRM. In most cases, chemometric analysis was used to obtain satisfactory results. 13 Von Holst et al. and Boix et al. evaluated a NIRM method to differentiate animal from vegetable feed ingredients based on the evaluation of NIR spectra obtained from individual particles. The evaluation was supported by appropriate decision rules for the absorbance at specific wavelengths. 8, 14 Ferna´ndez Pierna et al. described, for the first time, an application of NIRM instrument standardization using a measurement cell in an interlaboratory study conducted within the framework of a qualitative determination of animal proteins in compound feeds, based on spectra obtained with eight instruments. 15 They demonstrated that spectral libraries that were almost identical could be obtained from different instruments and that the previously proposed decision rules based on visual observation of the spectra were still valid, regardless of the NIR instrument used to acquire spectra.
More recently, Gao et al. developed an FT-IR spectroscopic method based on lipid characteristics for qualitative and quantitative analysis of animal-derived feedstuff adulterated with ruminant ingredients. 16 They showed that the differences in the trans fatty acid content and the degree of unsaturation were likely to be the main factors contributing to the success of the FT-IR analysis for adulteration.
Moreover, the suitability of Raman spectroscopy for the automatic identification of PAP contamination in feed up to the existing limit of detection (LoD) was demonstrated by Mandrile et al. The major sources of error of this work were related to the meal granulometry and matrix heterogeneity which made it difficult to reach very low sensitivities. 10 Although infrared microscopy is accepted for the identification of several compounds, the literature shows few publications that employ this method for the qualitative analysis of animal feed and, particularly, raw materials such as bone ash.
The object of this paper was to develop and validate the methodology of NIR spectroscopy coupled with microscopy for the qualitative determination of the presence of animal particles in matrices of bone ash, using simple decision rules instead of chemometric analysis.
The novelty of this paper is based around two aspects of the developed methodology: the analysis of a different matrix (bone ash) and the development of a software program that detects particles of animal origin. This software program brings a different approach to chemometric solutions. Its use is simple, the results are reliable and are obtained almost instantaneously. The potential users of this research product are those control laboratories working in the prevention of BSE, located in countries where the use of bone ashes in the mineral supplementation of grazing ruminants is permitted.
Materials and methods

Samples
Commercial bone ashes were used as blank samples. These samples were taken within the framework of the SENASA's BSE prevention program, from producers of raw materials and feedstuffs. These materials were previously analyzed by OM according to the European Official Method to verify absence of raw bone fragments. 4 Animal feed ingredients used to test the selectivity of the method were MBM, poultry meal, fishmeal, raw bone fragments, animal plasma and blood, rice, sunflower, soy, corn, wheat, urea, commercial salt, phosphate, milk powder, and shell fragments. These components were analyzed to evaluate possible interferences. They were previously observed by OM to verify qualitative composition.
Spiked samples
The experiment was designed to allow the determination of LoD following the methodology outlined by Eurachem. 17 It includes the analysis of concentrations above and below the LoD, plus the matrix. To that end, 10 different samples of bone ash blank were prepared, each fortified with raw bone fragments at the following concentration levels: 0.5, 0.1, 0.05, 0.02 and 0.01 g 100 g À1 bone ash. All the spiked samples were homogenized by manual shaker in a 500 mL vessel before analysis.
Sample treatment
A total of 20 AE 0.01 g of each spiked sample was weighed in a 100 mL vessel. Each sample was passed through a successive set of sieves of decreasing mesh size. Each sieve was carefully shaken 30 times so that the particles were distributed according to their size. The fraction containing particles between 125 mm and 300 mm was transferred to a Petri dish. This sample was quartered and three quarters were discarded. The fraction thus obtained was quartered again and four remaining quarters were separated for analysis.
NIRM analysis
Analysis was done by reflection absorption spectroscopy (RAS) with an image microscope coupled to FTIR, Nicolet iN10 by Thermo Scientific. 18 For this study, a liquid nitrogen cooled detector was used, which provided the highest speed, sensitivity, and spatial resolution.
Each of the subsamples obtained was spread on an aluminium coated slide and a mapping was performed, obtaining 1000 spectra per slide with an aperture size of 100 Â 100 mm, a 32 cm À1 spectral resolution and 64 scans in the reflection mode. The mapping step size used was 51 mm Â 61 mm. It corresponds to 50 dots on the X-axis and 20 dots on the Y-axis. Four thousand spectra were measured from each sample. The radiation was incidental and collected at an angle 0 . A normal scanning speed was selected (8 min to cover the X-Y stage) and a BeerNorton signal filter was used to reduce noise.
The microscope was coupled to an automated X-Y-Z stage with a 1 mm step interval to allow precision mapping of materials. Loading and locating the sample on the microscope stage require microscopy skills and time. This process has involved several steps, including moving the stage to a comfortable location for sample loading, positioning the sample under the objective field of view, focusing, and illuminating the sample for an optimal visual observation.
The spectral range used for the measurements was 6000 cm À1 to 3750 cm À1 (1667-2667 nm) and a background spectrum was previously obtained on the aluminum slide. This range was arbitrarily selected in order to cover the spectral regions needed for the evaluation.
NIRM evaluation
So as to verify that the resulting spectra correspond to animal by-products, a rule linking absorbance values with wave numbers, as defined by Von Holst et al., was utilized.
14 This rule is based on the following criteria: c) A value of the bracket expression [(absorbance at the minima observed in region VI þ absorbance at the minima observed in region IV)/2] should be higher than the absorbance at the minima observed in region v.
Thus, a particle is only classified as having originated from animal by-products if its spectrum fulfilled all three criteria described above.
ASH analyzer. For this evaluation, an automated evaluation by ACEN software (www.softlab.com) was developed for this paper. 19 The program consisted of two differentiated modules, a graphical interface and a logic module. The graphical interface was developed in Delphi 4, the logic module was developed in php (PHP: Hypertext Preprocessor).
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Graphic Module. Once the application was started, the system displayed the graphical interface, which prompted the user to enter the name of the analysis directory. The user selected the desired scan directory and pressed the ''Process'' button. The system verified that within the selected directory, there were files with.csv extension and for each one found it executed the logical module by sending it as a parameter (see next section). Once the process had finished, the user pressed the ''Results'' button.
For each valid result defined by the criteria set out above, the system showed a line in the results area and counted the number of valid results.
The user could enter and analyze particular cases by clicking on the result and pressing ''Display.'' After that, the system showed six spectra of the relevant ranges: I) 5208-5102 cm Logic Module. The logic module was a sequential process that was performed for each received file. The procedure was carried out as follows:
1. Validation of data: They must have the values of both X and Y expressed in scientific notation with the following format: N.NNNNe þ NNN where N was a number between 0 and 9. The sign can be either positive or negative. The number of digits between the beginning and the ''e'' can be variable; however, there must be three exponential numbers. 2. The data file were analyzed by isolating the relevant range I-VI detailed above. The values between these ranges were extracted and six different series were created. 3. Two fictitious points were added to these data series.
These points were the calculation of the values at the limit of the range. For this calculation, two linear functions were plotted. The first one was plotted between the point before the range limit and the first point of the data series within the range. The second linear function was plotted between the last point of the data series within the range and the following point (outside the range). 4. Once these data series had been obtained, it was verified that there was a maximum in ranges I, II, and III and a minimum in ranges IV, V, and VI. It was considered that there was a maximum if both the initial and the final value were lower than the maximum value of the range. Likewise, it was considered that there was a minimum if both the initial and the final value were higher than the minimum value of the range.
The spectrum was added to those results which were valid if:
. In range I, II, and III a maximum was found;
. In range IV, V, and VI a minimum was found;
. The value of the bracket expression [(absorbance at the minima observed in region VI þ absorbance at the minima observed in region IV)/2] was higher than the absorbance at the minima observed in region V.
Otherwise, the spectrum was ignored.
Validation parameters
Several parameters were evaluated to demonstrate that the performance characteristics of the method were adequate for use.
Selectivity. Selectivity relates to the extent to which the method can be used to determine particular analytes in mixtures or matrices without interferences from other components of similar behavior.
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Different ingredients used generally as animal feed components were analyzed to determine possible interferences, particularly, differences between spectra from bone ash particles (matrix) and raw bone particles.
A large spectral library was constructed, including more than 1000 spectra from all of the products included in this study. One-tenth of animal (e.g., mammalian meal, poultry by-product meal, and fishmeal), vegetal, and mineral feed ingredients, were analyzed. The samples were selected from the SENASA sample bank in order to cover the full diversity of animal feed ingredients.
Limit of detection. LoD was defined by Eurachem as the lowest concentration of the analyte that can be detected by the method at a specified level of confidence. 17 In this case, bone ash was spiked with raw bone fragment at different concentrations, and LoD was defined as the lowest concentration in which at least one spectrum of bone was observed, with 95% positive results in n determinations by spike level (n ! 10). A raw bone fragment was used as analyte because it is the most representative MBM component. 14 
Precision.
Repeatability is a measure of the variability in results when a measurement is performed by a single analyst using the same equipment over a short timescale. Moreover, intermediate precision gives an estimate of the variation in results when measurements are made in a single laboratory but under conditions that are more variable than repeatability conditions. 17 Both parameters were evaluated to determine method precision. Two analysts undertook the procedure, samples spiked with LoD concentration were analyzed and qualitative results were compared.
Comparison between methods
Ten samples were analyzed by the method outlined above, by OM (European Union, 2009) and by the Kjeldahl method to compare results. 4, 22 Samples 1-7 were bone ash contaminated naturally. Samples 3-5 were bone ash fortified with 0.05% of bone fragments. OM method has a LoD equal to 0.01-0.05% (expressed as g MBM 100 g À1 sample) and in the case of Kjeldahl method LoD is 0.1-0.5 g total nitrogen 100 g À1 sample.
Results and discussion Validation parameters
Selectivity. The different components of animal origin (except for milk and bone ash) strictly met the criteria previously defined, the results are reported in Table 1 .
With these results, and taking into account that bones are the most representative component that might be present in ash samples due to poor processing, it was decided to validate the method by fortifying the blank control sample with bone fragments from MBM.
Irrespective of the fact that the observed differences between the spectra in Figure 1 can be detected visually, particularly between bone and bone ash, we used the criteria defined by Von Holst et al. 14 for the differentiation between the different raw materials that could be present in a sample of feed.
It is worth mentioning that in Argentina, the presence of fishmeal in bone ash is allowed. However, since it is a product of animal origin, it was detected by the ACEN program. Therefore, in the case of obtaining a positive result, a spectral library comparison was made in order to know what component was involved. A clear discrimination was possible between fishmeal and other animal species, according to their spectral features. 23 The differences found when analyzing the different raw materials confirmed the suitability of the proposed method for the identification in samples of bone ash of different by-products of animal origin, such as bone particles of different species, animal meal, and blood derivatives, among others.
These products of animal origin met all of the criteria established by the evaluation method and showed a positive result in the proposed analysis. The presence of other raw materials of vegetable and mineral origin was not presented as a possible interference to this analysis. As for fish bones, which were detected by the program, their discrimination against other animal products was easily achieved by comparing spectra against spectra of standards in the library we established during this project. Figure 1 shows the individual spectra obtained for some of the raw materials used in animal feed production.
Limit of detection. The LoD was determined by fortifying different ash matrices at different concentrations of bone fragments. The results are shown in Table 2 .
The LoD was defined as the lowest bone fragment concentration likely to be reliably distinguished from a blank control sample (pure ash). Table 1 . Compliance of the verification criteria to near infrared microscopy (NIRM) evaluation. At the levels 0.05 and 0.1%, several samples were analyzed by two analysts, in order to assess the repeatability of the method. The LoD was estimated in 0.05 wt% (weight-weight percentage) because, at this level, all the results were positive to the presence of bone fragments.
These results showed the smallest concentration of the analyte (any fragment of animal origin) that could be reliably measured using the proposed method with a statistical level of 95%.
The LoD obtained was comparable to the LoD reported for OM and NIRM analysis of bone fragments in animal feed. 6, 24, 25 Precision. As previously mentioned, to evaluate the intra-laboratory reproducibility of the method, two analysts each evaluated 10 samples fortified at the LoD, and they identified bone fragments in all the cases.
In this study, NIRM was evaluated as an alternative to classical OM analysis to determine of the presence of animal particles in the matrices of bone ash.
The results obtained for 10 bone ash samples analyzed by NIRM, OM and total nitrogen by Kjeldahl are reported in Table 3 . The results obtained from both negative and positive samples with OM were comparable to those obtained with NIRM. These two methodologies were similar in terms of sensitivity.
However, the use of OM had many limitations. First of all, the optical microscope required specimens to be thin, small, and transparent for optimum viewing. This technique can only image dark or strongly refracting objects effectively. Out of focus light from points outside the focal plane reduced image clarity.
Moreover, light is a major limitation of a light microscope. More specifically, the wavelength of the light waves that illuminate the specimen limits the resolution. Unlike the optical microscope equipped with glass optics that absorbed a large portion of infrared light, the infrared microscope features all-reflective optics, which ensure coverage of the selected infrared spectral range (3750-6000 cm À1 ) with minimal loss of signal.
While NIRM let the sample matrix participate in the measurement, the traditional analysis isolated the analyte from the matrix before measurement. This was more time-consuming and there were problems associated with waste management.
With regard to the Kjeldahl method, it is commonly used for this type of sample (bone ash) to verify quantitatively the absence of organic matter and to evaluate the thermal processing to which they were submitted. Although this is the standard method against which all other methods are judged, it is not applicable to compounds containing organic matter. In this study, it proved to have poor sensitivity, to be polluting, and time-consuming to carryout. It is worth mentioning that the software program ''ACEN'' can generate false positives, for example responding to fishmeal particles. It is the professional analyst's task to decide if positive results are genuine or false. The final responsibility of the decision lies with the analyst, not the software.
Conclusion
In this work, an analytical NIRM method was successfully developed for the qualitative determination of particles of animal origin in bone ash.
The results of the present research indicate that the NIRM method presented both specificity and low variation within laboratory.
With regard to the detection limits, the methodology proposed in this work was found able to detect 0.05% of bone fragments in samples when 4000 spectra were analyzed.
Due to the motorization of all moveable components, NIRM provided a higher degree of automation than Kjeldhal and OM. In this last method, the detection limit depended on the experience of the analyst.
NIRM offered the advantage of being rapid, accurate, and independent of the skill of the human analyst. This method was an environmentally friendly solution as no extraction procedure was needed and no solvents or reagents were used. It showed the best performance for visual inspection and infrared spectral analysis of micro-samples with high comfort in use. Moreover, the ACEN software program allowed a different approach to chemometric analysis. This approach can be very useful for in situ applications, such as customs inspections. It drastically reduces costs and saves time of analysis especially in those countries that are trying to eliminate the BSE disease, but whose regulations authorize the use of bone ash in animal feed. 
